Inappropriate use of antibiotics results in antimicrobial resistance and dysbacteriosis. Among critically ill cirrhotic patients, consensus regarding the most optimal prescription strategy for antibiotics use has not been achieved. For these patients, the score for end-stage liver disease (MELD) demonstrated its value in predicting prognosis of cirrhosis. This study investigated use of the MELD score to guide antibiotics choice.
Background
Inappropriate use of antibiotics results in impairment of the microbiome of intestinal flora, which is reported to play a significant role in liver development [1] . Additionally, there is an increasing global concern that inappropriate prescription of antibiotics results in antimicrobial resistance and the formation of multidrug-resistant microorganisms (MDRO) [2] [3] [4] . MDRO drastically weaken the effects of antibiotics and increase medical cost and mortality [5] . There is insufficient consensus regarding the optimal prescription strategy for antibiotics use in critically ill cirrhotic patients. The dilemma of maintaining therapeutic efficacy while minimizing the potential risks related to MDRO continues to be an important debate [1, [6] [7] [8] [9] .
Cirrhosis is the result of chronic liver injury and inflammation. The development of regenerative nodules ultimately leads to portal hypertension and end-stage liver disease [10] . Cirrhotic patients generally have inefficient drug metabolism and are sensitive to changes in pharmacodynamic and pharmacykinetic processes [11] . It has been demonstrated that shortening the duration of antibiotics use leads to better outcomes. Similarly, combined use of multiple antibiotics is associated with increased adverse effects [12] . Shortening the duration of antibiotics use or reducing the number of categories of antibiotics used may not be suitable for all patients. Consequently, it is necessary to find an index to control appropriate antibiotics use by evaluating the severity of cirrhosis, for which the MELD score might by a good tool. The MELD score was originally developed to assess the prognosis of patients after transjugular intrahepatic portosystemic shunt (TIPSS) interventions and is now approved in other contexts such as the allocation of organs for liver transplantation, determination of optimal therapy for patients with hepatocellular carcinoma, and predicting the outcomes of cirrhotic patients [13] [14] [15] . Previous studies suggest that MELD score outperforms Child-Pugh score in discriminative power to estimate the likelihood of developing certain endpoints in ICU patients [16] .
In this study, we evaluated the relationship between the prognosis of critically ill cirrhotic patients and the choice of antibiotics treatment. We also investigated the feasibility of using MELD scores to guide use of antibiotics, which may improve decision-making.
Material and Methods

Study population
The Multi-parameter Intelligent Monitoring in Intensive Care III version 3.0 (MIMIC-III v3.0) is a publicly available, large-scale ICU database, currently consisting of 46 520 ICU patients admitted to Beth Israel Deaconess Medical Center (Boston, MA) from 2001 to 2012. We received permission to access the database after completion of the NIH web-based training course named "Protecting Human Research Participants" (certification number: 1605699). The inclusion criteria included: with cirrhosis, using antibiotics, eligible to calculate MELD score, and staying in ICU at least 1 day. The exclusion criteria were: at least 1 kind of basic characteristic missing, at least 1 kind of clinical parameter missing, at least 1 kind of basic laboratory parameters missing, and more than 10% of data missing.
The basic characteristics such as age, sex, height, weight, and ethnicity were available for all the patients. Clinical parameters comprised of vasopressin used, respiratory rate, heart rate, temperature, systolic blood pressure (SBP), and diastolic blood pressure (DBP) on the first day of admission to the ICU were recorded from the hospital's online information systems. Laboratory parameters, including albumin, hemoglobin, glucose, red blood cell count (RBC), white blood cell count (WBC), platelet count, hematocrit (HCT), sodium, potassium, PO 2 , PCO 2 , FIO 2 , blood lactic acid, bicarbonate, creatinine, international normalized ratio (INR), bilirubin, urine output, and blood urea nitrogen (BUN), were also collected on ICU admission. The MELD score was calculated for all eligible patients. The study population was equally stratified by MELD score.
Critically ill cirrhotic patients were defined as patients with cirrhosis admitted to an ICU. Upper-gastrointestinal bleeding (UGIB) was defined by the presence of hematemesis and melena. Hepatic encephalopathy was defined by the presence of impaired liver function and increased ammonia levels and coma.
Provision of antibiotics
For each patient, the duration of antibiotics use, the type antibiotic, and the route of administration were recorded. When antibiotics had different names and routes, as long as the active molecule was similar, these antibiotics were defined as part of a single category (e.g., piperacillin-tazobactam and piperacillin). Because therapeutic antibiotics choice included too many parameters, which was too complex to assess in in a single study, and the limitation of MIMIC-III v3.0 (e.g., some patients had fragmentary antibiotics use records, so we could not include all parameters of antibiotics choice), we used duration of antibiotics use and category of antibiotics as 2 parameters to reflect the administration of antibiotics in this study.
Data collection
Patient records were extracted from the MIMIC database, including basic characteristics, clinical parameters and laboratory parameters. Basic characteristics included age, sex, height, weight, ethnicity, and survival time. The continuous real-time signals, including heart rate, respiration rate, temperature, SBP, DBP, and MAP, were obtained by ICU nurses from the hospital's online information systems. The laboratory parameters, such as albumin, hemoglobin, glucose, RBC, WBC, platelet count, HCT, sodium, potassium, PO 2 , PCO 2 , FIO 2 , blood lactic acid, bicarbonate, creatinine, INR, bilirubin, urine output, and BUN, were obtained from routine tests and were organized into a relational database. MELD scores were calculated by the formula: R=9.57×log e (creatinine (mg/dL))+3.78×log e (bilirubin (mg/dL))+11.2×log e (INR)+6.4 (constant for liver disease etiology) [17] . Mortality data were collected after hospital discharge and were obtained by Social Security Death Records from the United States government.
Data extraction was performed using Oracle SQL Developer version 3.0 (Oracle Corporation, Redwood Shores, CA). Since this was a retrospective study, no ethics approval was required for analyses of these non-identifiable data.
Statistical analyses
Continuous variables are expressed as mean ± standard deviation or median, and categorical values are expressed as relative frequencies and proportions. Univariate methods were used to compare baseline demographic among the different MELD score groups. The chi-square test was used to compare categorical variables, while analysis of variance was used to compare continuous variables. Univariate and multivariate linear regression analyses were performed to determine independent predictors of antibiotic administration. To show the relationship between MELD score and patients' outcomes in the same condition (mean value) of antibiotics duration or category, survival curves were constructed based on Cox regression analysis. To demonstrate the association between each level of antibiotics duration or category and patients' outcomes in each level of MELD score, Cox proportional hazard models were used to calculate the hazard ratio (HR) and 95% confidence interval (CI). Forest plots were used to demonstrate hazard ratios for each group.
For all analyses, a P-value of less than 0.05 was considered statistically significant. All statistical analyses were performed using SPSS version 24.0 (SPSS, Chicago, IL) and R 3. 
Results
Baseline characteristics
A total of 46 520 individuals were initially enrolled into this study, but according to the exclusion criteria, only 1250 subjects were included (Supplementary Figure 1) . Baseline characteristics of subjects are shown in Table 1 according to their quartile values of the MELD score. From Q1 to Q4, the ranges of MELD scores were 0.1-9.9, 10.0-16.9, 17.0-25.9, and 26.0-58.7, respectively. The mean age was 57.74 years at the time of admission, and patients were predominantly male and white in the included study population. The mean ages of subjects in Q1 and Q2 were slightly higher than in Q3 and Q4. Males and whites were represented proportionally more from Q1 to Q4. Additionally, whatever the MELD score was, there were more patients with hepatic encephalopathy than with UGIB.
Antibiotic administration and independent predictors
Most antibiotics were administered intravenously in Q1 (91.2%), Q2 (90.7%), Q3 (95.3%), and Q4 (97.8%) (all P<0.001). For all included patients, vancomycin, fluoroquinolones, broad-spectrum penicillin, third-generation cephalosporin, and metronidazole were the 5 most frequently prescribed antibiotics. In addition, ciprofloxacin and levofloxacin were the 2 most commonly used fluoroquinolones in this population. Broad-spectrum penicillin mainly consisted of piperacillin, ampicillin, and amoxicillin. Third-generation cephalosporin predominantly included ceftazidime and ceftriaxone. According to each patients' duration of antibiotics use, subjects were relatively equally separated into 4 groups: 1-4 days, 5-7 days, 8-15 days, and 16+ days. Similarly, subjects were split into 3 relatively equal populations by categories of antibiotics (Table 2) . Furthermore, ethnic distribution slightly changed with increased duration of antibiotics use (all P=0.492). Patients with hepatic encephalopathy were more likely to receive antibiotics in each duration group compared to patients without hepatic encephalopathy (all P=0.225). However, patients with UGIB occupied a smaller proportion in each duration group compared to patients without UGIB (all P=0.018) ( Table 3 ). For the categories of antibiotics use, the ethnic distribution was associated with an increased number of categories of antibiotics used (all P=0.290). Compared to patients without hepatic encephalopathy, patients with hepatic encephalopathy were more likely to use antibiotics independent of the number of categories (all P=0.857). When using 5-12 categories, patients with UGIB were more predominant, but patients without UGIB made up a higher proportion in 1-4 categories (all P=0.040) ( Table 4) .
Because antibiotics use is closely related to infection, we focused on 4 infection-related variables (infection, white blood cell, albumin, and temperature) and 3 basic variables (age, sex, ethnicity) entered into linear regression analysis to investigate the correlation of antibiotics use (duration and category) with patients' characteristics. For the duration of antibiotics use, in univariate analysis, we found that differences in infection (P<0.001), white blood cell (P=0.003), albumin (P<0.001), temperature (P=0.020), sex (P=0.011), and age (P<0.001) were statistically significant. In multivariate analysis, independent Table 5) .
Antibiotic administration and mortality Figure 1 shows the cumulative survival rate of critically ill cirrhotic patients, stratified by MELD score. The covariate in Figure 1A was duration of antibiotics use. The cumulative survival rate of critically ill cirrhotic patients decreased with increased duration and MELD score. There was no significant difference between the 2 survival curves of Q1 and Q2. However, the divergence between Q2 and Q3 was noticeably greater than the divergence between Q1 and Q2 and between Q3 and Q4. The covariate in Figure 1B illustrated the categories of antibiotics use. Likewise, the cumulative survival rate of critically ill cirrhotic patients was decreasing with the increase of duration and MELD score, and the divergence between Q2 and Q3 was highest between Q1 and Q2 and between Q3 and Q4. Figures 2, 3 show the hazard rate (HR) of mortality. Subjects were stratified into Q1 (MELD <10), Q2 (10£ MELD <17), Q3 (17£ MELD <26), and Q4 (26£ MELD). In Figure 2 , each subgroup continued to be stratified by duration of antibiotics and with 1-4 days as the reference. When the MELD score was in the range of 0 to 17, all the HR demonstrated no statistical significance. In contrast, in Q2, risk factors showed a successive decrease in HR. In Q3, the HR was statistically significant only with a duration of antibiotic use of 7 days or more. In Q4, all the HRs showed statistical significance. In Figure 3 , each subgroup was stratified by categories of antibiotics use and 1-2 categories were used as a reference. In each subgroup, HR continued to increase with increasing number of categories involved, and all HR demonstrated statistical significance.
Discussion
We performed a retrospective study of 1250 critically ill cirrhotic patients. We presented stratified data according to MELD score quartiles. To quantify antibiotics use, we focused on 2 common parameters: duration of antibiotics use and the number of antibiotic categories prescribed.
The liver has a vital role in drug metabolism and liver dysfunction; critically ill cirrhotic patients are more sensitive to pharmacokinetic and pharmacodynamic alterations. In this research, the 5 most frequently used antibiotics were vancomycin, fluoroquinolones (ciprofloxacin; levofloxacin), broad-spectrum penicillin (piperacillin; ampicillin; amoxicillin), third-generation cephalosporin (ceftazidime; ceftriaxone), and metronidazole. For critically ill cirrhotic patients, antibiotics without hepatotoxicity or liver metabolism are considered the optimal choice. However, few antibiotics are metabolized extrahepatically. Severe cirrhosis often leads to multiple-organ failure (MOF), which can significantly exacerbate the adverse effects that are irrelevant to the liver. Alteration of intestinal flora is one of the consequences of antibiotic use (especially broad-spectrum antibiotics) and can result in severe microbial inflammations or even intestinal endotoxemia [18] [19] [20] [21] [22] . Antibiotics are not without risk for critically ill cirrhotic patients, even if the antibiotic has a low liver metabolism.
As shown in Figure 1 , when the duration or categories of antibiotics use were kept at the mean value (11.4 days and 3.5 categories), the prognosis of critically ill cirrhosis patients was still deteriorating with an increase of MELD score. Compared to other quartiles, the survival curves of Q1 and Q2 nearly overlapped, which indicates that, in the same condition of antibiotics use, patients with MELD scores below 17 had similar prognoses. Moreover, there might be a cut-off point between Q2 and Q3. When MELD scores are below this point, it seems unnecessary to increase the intensity of antibiotics administration. The HR in Figure 2 provides evidence for this hypothesis. When the MELD score was lower than 17 (Q1 and Q2), the change of duration of antibiotics use was not associated with poor clinical outcome. In contrast, when MELD score was in the range of 17 to 26 (Q3), a long course of therapy (³8 days) was related to mortality, and the prognosis of cirrhosis tended to be better with the increased duration. For patients with a MELD score exceeding 26 (Q4), prolonging the duration of antibiotics use could improve the prognosis. In Figure 3 , increasing the categories of antibiotics use was always related with poor prognosis, regardless of MELD score. Based on the above analyses, the MELD score is a valuable guide to antibiotics administration for critically ill cirrhotic patients, with a MELD score of 17 used as the cut-off point for duration of antibiotics use.
We propose 2 possible explanations for these results:
(1) Traditionally, there is a belief that the progression of microbial diseases due to ongoing replication of pathogens, and antibiotics are used until clinical and laboratory parameters show the infection has resolved. However, some severe complication (e.g., SIRS) are more related to host immune activity than to the bacteria. As such, a long duration of antibiotics use is unnecessary, as been demonstrated in in respiratory system disease [23, 24] . For patients with low MELD scores (MELD <17), immune activities probably affect prognosis of critically ill cirrhotic patients more than do bacteria. However, when patients have high MELD scores (MELD ³17), long-term use of antibiotics is prophylactic. (2) Although the combined use of different antibiotics can increase the anti-bacterial spectrum and have synergism, there is still evidence that demonstrates adverse effects of this approach [25] . Combined therapy further stresses the kidneys and can cause nephrotoxicity [12] ; for critically ill cirrhotic patients, it may increase the risk of MOF.
Our research had several notable strengths. Firstly, to the best of our knowledge, it is the first and largest study specifically aimed at using MELD score to guide the choice of antibiotics used for critically ill cirrhotic patients. Secondly, we analyzed the relation of MELD score, antibiotics use, and prognosis of critically ill cirrhosis, and also defined a cut-off point for the MELD score. Thirdly, our study provides a new method to prevent inappropriate use of antibiotics. Our study also has some limitations. Firstly, to simplify the analysis, we only used duration and category to represent the intensity of antibiotics use, which might not reflect antibiotics use comprehensively. Secondly, different antibiotics have diverse adverse effects, and the total adverse effect is sometimes not linearly related to the cumulative number of categories. Drawing a more precise conclusion requires a more specific classification of antibiotics. Thirdly, the duration of antibiotics use in this study was the sum of all antibiotics each patient used. Fourthly, the cut-off point (MELD=17) is merely the result of the quartile definition, and this requires validation in more clinical trials. Finally, as with all retrospective research, accuracy of results depends on accuracy of data collection.
Conclusions
We evaluated the relationship between the prognosis of critically ill cirrhosis patients and the administration of antibiotics combined with MELD score. For low MELD score patients (MELD <17), changing duration of antibiotics use was not related to prognosis of critically ill cirrhosis patients. For high MELD score patients (MELD ³17), a long course of antibiotics use could reduce the mortality. Whatever the MELD score was, increasing the number of antibiotic categories predicted a poor prognosis.
